It is described in this work a mixed-mode temperature control system for gas sensors. It has been designed to be capable to control different gas sensor structures. The range of temperature and accuracy depends on the gas sensor structure but are usually in the range from Room Temperature up to 600ºC within 1ºC accuracy. The circuit has been designed with 0.8um HV CMOS AMS technology in order to support the 15V biasing voltage that is necessary to reach these high temperatures. A serial peripheral interface communication port allows real time monitoring of the heater resistance. It allows the setting of the parameters of the control and temperature reference also.
INTRODUCTION
During the last years, semiconductor gas sensors research has experienced a great advance because of the interest by the scientific and the industrial communities. The multiple applications of these devices in environmental control, security at closed places and home, military applications and electronic noses suppose a wide market to be exploited. These applications require new gas sensors with portability, high performance, reliability, endurance, and high yield characteristics.
Semiconductor gas sensing is based on a change of resistance of the sensing element under the presence of gases. The response of the gas sensors is dependent on the ambient but also on the active material and on its structural properties. Other main factors affecting sensitivity are the temperature of operation and humidity. Because of the lack of selectivity of this type of sensors, the usual is to use an array of gas sensors to determine the presence of a certain gas or its concentration. In this way, selectivity is improved by:
(i) Using sensors made of the same sensing material working at different temperatures [1] impregnated with different catalytic materials using sensing layers of different thickness using different electrode configuration using several types of catalytic filters (ii) Using sensors made with different materials or even different types of sensors.
In the case of semiconductor gas sensors, the usual range of working temperature is between 200ºC and 400ºC for high sensitivity. These temperatures are usually reached with a heater integrated in the gas sensor. So the control of the temperature in solid gas sensors is important to obtain the high sensitivity required and to play with selectivity.
In this work, we present a general purpose mixedmode temperature control system for gas sensors. This system has been designed to be capable to control different type of heaters. Particularly two different heaters have been tested, which characteristics are shown in table 1. Maximum  temperature  400ºC  550ºC Maximum current 50mA 12.5mA Dissipated power 250mW 125mW Resistance range 50 -100 310 -800 
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CONTROL OF TEMPERATURE
Control circuits of heaters for flow and gas sensors have been reported in several ways in the literature [2] [3] [4] [5] [6] [7] [8] . Most of the employed methods are usually based on a constant power heating rather than on the direct control of the temperature. Nevertheless, because of the dependence of the heater temperature on external factors such as humidity ambient temperature, airflow…, methods based on constant heating power have in general to be avoided. The temperature is thus controlled by directly measuring the heater resistance. In reference [2] a Pulse Width Modulation (PWM) approach is used to directly control the heater resistance (and hence temperature). Nevertheless such approach has the disadvantage of high injected noise and high ripple for accurate control (accuracy lower than 1ºC). A simple Proportional Integral Derivate (PID) mixed control avoids all these problems. Compared with the PWM solution, with a digital PID control the actuation variable can achieve more than the two values of the PWM, exactly 2 N -1 different values if a N bits D/A converter is used. The result is that the actuation variable changes more smoothly and the ripple can be removed if the PID parameters, proportional, derivative or integral constants (K p , K D and K I ) are adjusted correctly. In addition, turning on and off the actuation variable (PWM) produces a large power consumption because of the continuous charging and discharging of parasitic capacitances. This is also reduced with the PID control.
DESIGNED SYSTEM
The system presented in this work has been designed in order to command different types of gas sensors (figure 1). The major limitations is that the maximum operating voltages and currents of the heaters can never exceed 13V and 400mA, respectively. At the left of figure 1 there is a microcontroller. It has a Serial Peripheral Interface (SPI) communication port that allows the programmability of the PID parameters and the resistance (temperature) reference. The two external reference voltages VRN and VRP of the D/A converter set the minimum and the maximum heater temperatures achievable. This D/A converter drives an operational amplifier in a non inverting configuration that controls the drop voltage at the heater V h . The accuracy achievable in temperature is proportional to the difference between VRP and VRN. Nevertheless, decreasing accuracy, the temperature operation is reduced also. So it is necessary to find a compromise between the temperature operating range and the accuracy.
The system works as follows: initially the PID parameters and the reference resistance (temperature) are set externally. Then the microcontroller starts the control. The heater drop voltage V h and the current I h flowing thorough the heater are measured with a voltage follower and a differential amplifier. A 10 bits A/D converter transforms these analogue values to digital. To reduce the area only one A/D converter is used and the measures are multiplexed in time. Then the digital controller calculates the heater resistance and compares it with a heater resistance reference, R ref . According to the result of the comparison, the controller drives the heater using a PID algorithm. The dynamic response of the heater is controlled via the PID parameters. The control loop can be closed in several ways. For example, it could be used a DSP or a microcontroller. Nevertheless, as it has been decided to integrate the whole system, minimization of the whole area is a must. So, it seems a best option to design a dedicated microcontroller with only the indispensable elements to make the PID control, thus reducing area. To design this part of the system the Verilog hardware description language has been used. The reusability of the design is assured in this way. For test proposes it has been implemented initially in a FPGA FLEX10K30 of Altera making use of about an 80% of the resources. In this scheme, the analogue parts have been biased at 15V in order to supply the necessary power to reach the desired working temperatures. So, a high voltage technology is needed. In this work the 0.8 m High Voltage (HV) CMOS Austria MicroSystems (AMS) technology has been used to design the system. The DAC, ADC and the digital part are biased at 5V to reduce power consumption. The resulting system is a mixed-mode circuit formed by three different domains:
Analogue high voltage (15V): heater driver and voltage and current measurement circuits.
Analogue low voltage (5V): D/A and A/D converters
Digital low-voltage (5V): programmable block for evaluation of the heater resistance and realization of the PID control. To communicate the two analogue domains, the signals that are shared must be transformed from LV to HV and viceversa:
The operational amplifier in a non inverting configuration transforms the LV control signal V C in a HV signal V k , (figure 1). As the maximum output current of the amplifier is not enough to achieve the desired maximum temperatures, an external NPN bipolar transistor BC107A is used to buffer the output. It generates heater currents up to 400mA for loads of 30 .
The heater current I h is measured with an external shunt resistance R S . In order to keep the output voltage of the differential amplifier below 5V to avoid burning the 10 bits A/D converter, the value of R S must be adjusted as a function of the characteristics of the heater At the output of the voltage follower a voltage divider composed by two resistors has been added to transform a 15V signal to a 5V signal.
RESULTS
Our system has been verified by simulation with two different gas sensors, one from the EADS and the other from CNM. The VRP and VRN voltages have been set to 4V and 500mV in order to obtain an accuracy in temperature less than 1ºC and achieve the desired temperature range in both cases. As shown in figure 2, in the case of the CNM heater, the working temperature range goes from 50ºC to 400ºC. For the EADS heater the range goes from 25ºC up to 550ºC. The external shunt resistance R S has been set to 2 for the CNM heater and 12 for the EADS heater.
The maximum temperatures of the CNM and EADS heaters have been achieved with 1.8V and 3.25V control voltages V C , respectively. These values and the obtainable accuracies of the driver are summarized in table 2. The resolution used internally for calculations is 16b. The ADC and DAC have 10b resolution. It is worth to comment that larger temperatures are achievable by incrementing V C .
To test the closed loop response of the system we have applied to the EADS heater different reference temperatures as shown in figure 3 . Every input pulse has duration of 10ms to assure that the heater can achieve the stationary state. The maximum frequency of the input signal is limited by the thermal response of the heater ( EADS~1 ms). The PID constants K p , K i, and K d have been set to 150, 10 and 5 respectively. These constants have been tuned by a prove-error method. As the heater is a non linear system, the analytic methods to tune the PID constants are not applicable. It can be seen that the control system is able to cover all the whole temperature range required for the EADS heater, i.e., from RT up to 550ºC. Greater temperatures than 550ºC are reachable. The stationary error is practically 0. Figure 4 shows the response of the EADS heater to a periodic reference waveform (sinusoidal) for different frequencies. Such input signal would correspond to those used in some type of measurement mode of semiconductor gas sensors in which it is analyzed the response to gases under periodic temperature oscillations. It should be taken into account that the only result of importance here is that the electronic system is capable to drive the heater for such type of temperature waveforms, but the response of the sensor is not of interest. As corresponds to the thermal response of the EADS heater, the maximum frequency of a sinusoidal waveform is limited to frequencies near 25 Hz. For larger frequencies the response of the heater is distorted. The same analysis in the CNM heater gives maximum frequencies for which the heater can follow the input waveform about 1.25 Hz. In spite of these results, as the chemical response of gas sensors in time has typical values of several seconds, these cut-off frequencies do not have any effect on the normal operation of the system.
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CONCLUSIONS
A flexible driver system for the control of temperature in semiconductor gas sensors has been designed. The system actuates by directly measuring the resistance of the heater, thus being independent of ambient fluctuations. It is flexible in the sense that can directly actuate over different types of heaters by only modifying the different programmable parameters of the PID algorithm and the external polarization voltages VRP and VRN and the external shunt resistance R S . The system is able to drive any heater with the sole limitation of maximum operating voltage of 13V and maximum current of 400mA. The system has been verified by using two heaters, one from EADS and the other from CNM. In the two cases, the maximum temperatures have been set to 600ºC and the accuracies obtained are under ~1ºC. The speed of the system is limited by the heater and not by the own system. 
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